Abstract-The antioxidant properties of substituted diarylamines in the benzo[b]thiophene series were evaluated by their reducing power and free radical scavenging activity. The results were compared with those of standards: acid ascorbic for the first method and BHA and BHT for the second. For both methods it was possible to establish some structure-activity relationships (SARs) based on the position of the arylamination on the benzo[b]thiophene moiety, the presence of different substituents on the phenyl ring (F, 1 or 2 OMe) and on the thiophene ring (H, CO 2 Et, CO 2 H).
The search for new molecules with antioxidant properties is a very active domain of research, since they can protect the human body from free radicals and retard the progress of many chronic diseases, such as vascular diseases, some forms of cancer and oxidative stress responsible for DNA, protein and membrane damage. 1, 2 The radical scavenging activity (RSA) using DPPH radical (2,2-diphenyl-1-picrylhydrazyl radical) and the reducing power are two established in vitro methods employed for the evaluation of antioxidant activity. Some authors have observed a direct correlation between antioxidant activities and the reducing power, either for certain plant extracts 3 or chitosan sulfates. 4 The presence of reducers (i.e., antioxidants) causes the conversion of the Fe 3+ /ferricyanide complex used in this method to the ferrous form. Therefore, by measuring the formation of PerlÕs Prussian blue at 700 nm we can monitor the Fe 2+ concentration; a higher absorbance at 700 nm indicates a higher reducing power. The free radical DPPH possesses a characteristic absorption at 517 nm (purple in colour), which decreases significantly on exposure to radical scavengers (by providing hydrogen atoms or by electron donation). A lower absorbance at 517 nm indicates a higher radical scavenging activity of the compound. This test is a standard assay in antioxidant activity studies and offers a rapid technique for screening the RSA of pure synthetic compounds. 5 Herein, we report the reducing power and the free radical scavenging activity of nine diarylamines in the benzo[b]thiophene series, earlier prepared by us, as an evaluation of their in vitro antioxidant activity. Recently, we described the structure-activity relationship of diarylamines 1 and 2 as antimicrobial agents. 6, 7 However, it is the first time that a study on their antioxidant properties is reported, regarding especially the influence of the compound structure on the results. Differently substituted diarylamine derivatives of 2,3,5-trimethylbenzo[b]thiophene 1a-d were obtained in good to high yields, by C-N palladium-catalyzed cross-coupling using either the 6-bromobenzo[b]thiophene or the 6-amino derivative as coupling component (Scheme 1). 8 The same reaction conditions were also used to obtain diarylamines 2a,b,d,e in moderate to high yields, coupling ethyl 3-bromobenzo[b]thiophene-2-carboxylate or 3-bromobenzo[b]thiophene with substituted anilines. The carboxylic compound 2c was obtained in almost quantitative yield by hydrolysis of the ester group of 2b (Scheme 1). 7 The reducing power of compounds 1 and 2 was determined according to OyaizuÕs method, 9,10 using ascorbic acid as standard. The capacity of compounds 1 and 2 to scavenge the ÔstableÕ free radical DPPH was monitored according to HatanoÕs method, 11,12 using 2-tert-butyl-4-methoxyphenol (butylated hydroxyanisole, BHA), and 2,6-di-tert-butyl-4-methylphenol (butylated hydroxytoluene, BHT) as standards. Mean values from three independent samples were calculated for each compound with standard deviations less than 5%. Figure 1 shows the reducing power of methanolic solutions of diarylamines 1 and 2, examined as a function of their concentration. Compounds 1a-c present, at 0.25 g/L, a reducing power even higher than that of ascorbic acid (1a, 1.66; 1b, 1.79; 1c, 1.37, ascorbic acid, 1.33). In turn, compound 1d shows no reducing power. The presence of a methoxy group in the para position (1a) proved to be better than a F atom in the same position (1c). The introduction of an additional OMe group (1b) increases the reducing power. The presence of the F atom in the ortho position (1d) removes the reducing power. For the diarylamines on the thiophene ring, at 0.25 g/L, the reducing power values for 2a,b,d are higher than 1.20 (2a, 1.21; 2b, 1.28; 2d, 1.33), while for 2c and 2e the values are much more lower (2c, 0.89; 2e, 0.33). The fluoro compound 2d presents the higher value in this series and compares to that of ascorbic acid at this concentration. The presence of the ester group in 2e lowers drastically the reducing power. In this series, the introduction of an additional OMe group (2b) increases only slightly the reducing power relatively to diarylamine 2a. The presence of the carboxylic acid group in compound 2c lowers significantly the reducing power in comparison with the corresponding ester compound 2b (Fig. 1) .
The RSA values for methanolic solutions of diarylamines 1 and 2 are presented in Table 1 and compared with those of standards BHA and BHT. The results, in percentage, are expressed as the ratio of the absorbance decrease, at 517 nm, and the absorbance of DPPH solution in the absence of the diarylamines. The analysis of Another observation, regarding RSA efficiency, can be drawn based on the scavenging activity versus the concentration profile: compounds 1a and b quickly achieve maximum activity at a low concentration such as 0.0625 g/L, while, for instance, 2b needs to be four times more concentrated to achieve the same level. The presence of a F atom in the diarylamines obtained by amination on the benzene ring (1c and d), removes their scavenging activity on DPPH radicals. Changing the amination to the thiophene ring (2d), the RSA drastically increases to 83.4% at 0.125 g/L. Nevertheless, the corresponding ester compound 2e is not effective at scavenging DPPH radicals. The presence of OMe groups seems to contribute to the good results of RSA on both series; however, the presence of an ester group on compound 2a significantly alter this behaviour and the RSA almost vanished. For diarylamines with two OMe groups in the ortho and para positions, the carboxylic compound 2c shows a RSA value (84.0% at 0.25 g/L) higher than that of the corresponding ester 2b (74.8% at 0.25 g/L) but for both compounds the results are good (Table 1 ).
In conclusion, the antioxidant properties of several substituted diarylamines in the benzo[b]thiophene series, aminated either on the benzene moiety (compounds 1) or on the thiophene ring (compounds 2), previously prepared by us, seem to be dependent on the type of substituents and their position. Some compounds have shown a good antioxidant activity, evaluated in terms of reducing power and RSA, even better than those of the well-known antioxidants ascorbic acid, BHA or BHT. Compounds 1 gave better reducing power results than compounds 2, excluding 1d. In general for diarylamines 1 and 2, the presence of electron-donating groups (1 or 2 OMe) increases the reducing power. The F atom in the para position relative to the N-H bond (1c and 2d) also gave good results, possibly due to its electron-donating mesomeric effect (+M). On the other side, compound 1d with the F atom in the ortho-position has no reducing power. In this case, the electron-withdrawing inductive effect (ÀI) can be the electronic effect prevailing. An intramolecular H-bond involving the F atom and the N-H may also be a possible explanation for the absence of the reducing power of 1d. The RSA values were strongly affected by the presence of an ester group at the 2-position of the thiophene ring in diarylamines 2. The p-methoxy and p-fluoro compounds present no RSA, maybe as a consequence of the electron-withdrawing effect of the ester group or due to intramolecular H-bonds between the NH and the carbonyl group. Nevertheless, for the compound with two OMe groups (2b) these effects were not important and the same was observed for the corresponding acid carboxylic compound (2c), both giving good RSA results. (Table 1) were prepared. The compound solution (0.3 mL) was added to the methanolic DPPH solution (2.7 mL, 6 · 10 À5 mol/L) and the mixture was kept in the dark for 60 min. The absorbance at 517 nm was then measured. The RSA was calculated as a percentage of DPPH decolouration using the equation: % RSA = 100 · (1 À A c /A D ), where A c is the solution absorbance measured when a compound was added at a particular concentration and A D is the absorbance of the DPPH solution.
